The study of using palm oil fuel ash ͑POFA͒ in concrete work is just the beginning, and obtained data are very little as compared to fly ash and silica fume. In order to collect experimental data, the effects of ground POFA ͑GPOFA͒ replacement rate up to 30 wt % and water/binder ͑W/B͒ ratios of 0.50, 0.55, and 0.60 on normal concrete properties were studied. GPOFA with high fineness was found to be a possible pozzolanic material in concrete. Cement replacement of GPOFA at rates of 10 and 20% yielded higher compressive strength than that of control concrete after 28 days of curing. In addition, heat evolution in terms of temperature rise of fresh concrete decreased with an increased of GPOFA replacement. For concrete with a W/B ratio of 0.50, the use of 30% GPOFA as a cement replacement exhibited the lowest peak temperature rise. However, a decrease compressive strength at early age might be considered if a high replacement rate of GPOFA was used.
Introduction
It is known that there are several causes of global warming, including CO 2 from cement. Approximately 5% of total CO 2 emission is released to atmosphere, with about 0.7-1.1 t of CO 2 being emitted for every ton of cement production. CO 2 emitted by cement industry is composed of the following: 50% result from the calcination of limestone; 40% from combustion of fuel in the kiln; and 10% from transportation and manufacturing operations ͑Bosoaga et al. 2009͒ . In order to reduce the amount of CO 2 emission, cement manufactures can help by improving production process. For concrete production, the reduction of cement content in concrete by utilization of supplementary cementitious materials such as fly ash, blast-furnace slag, silica fume, metakaolin, natural pozzolans, and biomass ash to replace cement is one of the solutions.
Palm oil is extracted from the fruit and copra of the palm oil tree. After the extraction process, waste products such as palm oil fibers, shells, and empty fruit brunches are burnt as biomass fuel to boil water, which generates steam for electricity and the extraction process in palm oil mills. The result is palm oil fuel ash ͑POFA͒, which is about 5%, by weight, of solid waste product. In Thailand, a total of 5.4ϫ 10 6 t of fresh fruit brunches was produced in 2005, resulting in high amount of solid waste and biomass ash, which tends to increase every year ͑Rangsan and Titida 2007͒. This biomass ash is not used, and most of it has to be deposited in landfills, creating environmental problems. However, many researchers ͑Tay 1990; Hussin and Awal 1996; Awal and Hussin 1997; Sukantapree et al. 2002; Sata et al. 2004͒ have found that POFA can be used in the construction industry, specifically as a supplementary cementitious material in concrete. In 1990, Tay ͑1990͒ investigated the use of ash derived from oilpalm waste incineration in making blended cement; the results showed that replacing 10-50% ash by weight of cementitious material in blended cement had no significant effect on segregation, shrinkage, water absorption, density, or soundness of concrete. Within the 20-50% replacement rate range, the decrease in the compressive strength of concrete at various ages was almost proportional to the amount of ash in the blended cement, with the exception of 10% replacement. A few years later, Hussin and Awal ͑1996͒ studied the compressive strength of concrete containing POFA. The results revealed that it was possible to replace at a level of 40% POFA without affecting compressive strength. The maximum compressive strength gain occurred at a replacement level of 30% by weight of binder. In addition, Awal and Hussin ͑1997͒ revealed that POFA has good potential for suppressing expansion due to alkali-silica reactions.
In Thailand, Sukantapree et al. ͑2002͒ revealed that the compressive strength of mortar containing original POFA was low due to the large particle size and high porosity of POFA. However, mortar containing ground POFA ͑GPOFA͒ with particles retained on a 45-m sieve ͑No. 325͒ of 4.3% gave a compressive strength higher than 100% of control mortar at the curing ages of 7 and 28 days. Furthermore, a previous investigation ͑Sata et al. 2004͒ indicated that POFA with high fineness has a highly pozzolanic reaction and can be used as a supplementary cementitious material for producing high strength concrete.
However, study of POFA is just the beginning, and the obtained data are scarce compared to studies of fly ash and silica fume. In order to obtain experimental data for publication and utilize of POFA effectively which lead to reduce cement consumption and environmental problems, concretes containing POFA are studied. The aim of this research is to study the compressive strength of concrete containing GPOFA at various replacement levels ͑0, 10, 20, and 30%͒ and different W/B ratios ͑0.50, 0.55, and 0.60͒. It is well established that the use of Portland cement in concrete releases a lot of heat during the hydration process. Under controlled condition, this spontaneous heating can be beneficial with, for example, concrete in cold weather areas. On the other hand, heating may cause cracking from temperature differences and lead to a reduction in the quality and durability of concrete ͑Hansen and Jensen 1998; Schutter 1999͒. Therefore, the evolution of heat in terms of temperature rise of fresh concrete containing GPOFA was investigated in concrete mixtures with a W/B ratio of 0.50.
Experimental Programs

Materials
The materials used in this study consisted of Type I Portland cement, POFA from the southern part of Thailand, coarse and fine aggregates, Type F superplasticizer, and tap water.
Cement
Type I Portland cement was used in this study. The physical properties and chemical composition are summarized in Tables 1 and  2 , respectively. The major oxides of Type I Portland cement were CaO ͑65.4%͒, SiO 2 ͑20.9%͒, Al 2 O 3 ͑4.8%͒, and Fe 2 O 3 ͑3.4%͒. SO 3 and loss on ignition ͑LOI͒ were 2.7, and 1.0%, respectively. The specific gravity of cement was 3.15, with a mean particle size ͑d 50 ͒ of 14.7 m.
POFA
The original POFA was collected from a mill in Surathanee province in the southern part of Thailand. Original POFA was not suitable for use as a pozzolanic material in concrete due to large particle size and high porosity ͑Sukantapree et al. 2002; Tangchirapat et al. 2007͒ . In addition, Cordeiro et al. ͑2004͒ and Cordeiro et al. ͑2008͒ also showed that pozzolanic activity and the filler effect of industrial ash depend on its particle size and fineness; thus, original POFA was ground by ball mill to a required level of fineness until the retained particles on a No. 325 sieve were less than 2% by weight and respected as GPOFA. Particle size distribution of GPOFA is shown in Fig. 1 , and particle shape, ascertained by scanning electron microscopy ͑SEM͒, is presented in Fig. 2 . As presented in Table 1 , the mean particle size ͑d 50 ͒ of GPOFA is 9.2 m, which is less than that of Type I Portland cement ͑14.7 m͒. The specific gravity of GPOFA is 2.50, and the amount retained on a No. 325 sieve for GPOFA is 1.2% ͑less than 2.0%͒. Chemical compositions analyzed by x-ray fluorescence spectrometer of Type I Portland cement and GPOFA are shown in Table 2 . GPOFA is found to have SiO 2 , Al 2 O 3 , Fe 2 O 3 , CaO, SO 3 , and LOI compositions of 42.5, 0.9, 2.4, 11.0, 2.2, and 20.9%, respectively. The high value of LOI in GPOFA is due to the burning condition ͑fluidized bed combustion͒ under which the burning temperature is about 800-900°C. Abdullah et al. ͑2006͒ found that the chemical composition of POFA consists of SiO 2 , Al 2 O 3 , Fe 2 O 3 , CaO, SO 3 , and LOI at levels of 52.2, 4.5, 5.4, 4.1, 2.2, and 13.9%, respectively; they concluded that differences in the operating systems of the palm oil mills are the major cause of differences in the chemical composition of POFA.
Aggregates
The coarse aggregate used in this study was crushed limestone with a maximum size of 20 mm, specific gravity of 2.7, fineness modulus of 7.3, and water absorption of 0.5%. The fine aggregate was local river sand, with a fineness modulus of 2.6, specific gravity of 2.6, and water absorption of 1.0%.
Mixture Proportions and Testing
Based on the high water requirement of POFA concrete ͑Sukan-tapree et al. 2002͒, mixture proportions were approximated, followed by modification of trial mixes to obtain homogeneous and workable fresh concrete. All concretes had the same binder content of 350 kg/ m 3 ; the ratio of fine-to-coarse aggregate was kept constant at 45:55 by volume, and a superplasticizer was employed in order to maintain the slump of fresh concrete between 50 and 100 mm. The W/B ratios of the concrete were varied as 0.50, 0.55, and 0.60. CT0.50, CT0.55, and CT0.60 were control concretes in which Type I Portland cement was used as a binder with W/B ratios of 0.50, 0.55, and 0.60, respectively. For all W/B ratios, Type I Portland cement was replaced by GPOFA at rates of 10, 20, and 30% by weight of binder. Concrete mixture proportions are summarized in Table 3 . For example, GPOFA-0.55-30 concrete indicates that the concrete has a W/B ratio of 0.55, and the Type I Portland cement is replaced by GPOFA at the rate of 30% by weight of binder.
The fresh concretes were prepared using a rotating drum mixer. The cylindrical concrete specimens with 100 mm in diameter and 200 mm in height were cast and covered with a plastic sheet to prevent excessive evaporation of water from the fresh concrete. After casting for 24 h, the concrete samples were removed from the molds and transferred into a room temperature water tank until testing. The compressive strengths of concretes were determined at 3, 7, 14, 28, 60, and 90 days according to ASTM C39 ͑ASTM 2001͒.
In addition, the concretes with a W/B ratio of 0.50 were selected for testing the heat evolution of fresh concrete in terms of temperature rise under semiadiabatic conditions. Four mixtures of fresh concrete ͑CT0.50, GPOFA-0.50-10, GPOFA-0.50-20, and GPOFA-0.50-30͒ were placed in a 450-mm cube with a lining insulator of 50 mm on each side ͑concrete specimen of 350 ϫ 350ϫ 350 mm 3 ͒. A thermocouple was embedded in the center of the specimen. The temperature rise was measured immediately after casting for a period of 168 h. Fig. 3 shows the testing for heat evolution in term of temperature rise of fresh concrete. 
Results and Discussion
Compressive Strength
The compressive strengths of concretes in this study were the average values of three specimens and the relationships between the compressive strength of control concretes and the curing ages are shown in Fig. 4 . For all W/B ratios, the compressive strength of control concretes increased with curing age. At 28 days, the compressive strengths of CT0.50, CT0.55, and CT0.60 concretes were 39.6, 36.5, and 32.0 MPa, respectively; they increased to 49.4, 43.4, and 38.1 MPa, respectively, at 90 days. The compressive strength was also found to decrease as the W/B ratio of concrete increased according to Abrams's law ͑Abrams 1918͒. Fig. 5 shows the relationship between the compressive strength of GPOFA concretes at a W/B ratio of 0.50 and replacement of GPOFA. At early ages, the strength development of concretes containing GPOFA as a cement replacement of 10, 20, and 30% was lower than that of CT concrete. At three days, the compressive strengths of GPOFA-0.50-10, GPOFA-0.50-20, and GPOFA-0.50-30 concretes were 29.3, 28.6, and 26.5 MPa or about 95, 93, and 86% of CT concrete, respectively. The compressive strength of GPOFA concretes, which was over 75% of that of CT concrete at early ages may be due to the packing effect of the small particle of GPOFA ͑Tangpagasit et al. 2005͒. Afterward, the compressive strength tended to increase with curing age. The compressive strengths of GPOFA-0.50-10, GPOFA-0.50-20, and GPOFA-0.50-30 concretes at 28 days were 39.6, 40.0, and 36.8 MPa or about 101, 100, and 93% of CT0.50 concrete, respectively. This can be explained by the very high fineness of the particles and the silicon dioxide ͑SiO 2 ͒ content in GPOFA, which reacts with calcium hydroxide ͓Ca͑OH͒ 2 ͔ to produce an addition calcium silicate hydrated ͑C-S-H͒. These characteristics tend to improve the compressive strength of concrete at later ages. This result agrees with Chindaprasirt et al. ͑2004͒, who found that the high fineness of fly ash was a major factor affecting the compressive strength and improved sulfate resistance of blended cement mortar. In addition, Saccani et al. ͑2005͒ studied the pozzolanic property of municipal solid waste incineration bottom ashes ͑MSWI BAs͒ and found that with sufficiently long curing times, the modified mortar containing up to 30% by weight of ground MSWI BA exhibited higher mechanical strength and lower porosity than unmodified mortar.
After 28 days of curing, 10 and 20% GPOFA cement replacement resulted in higher compressive strength than CT0.50 concrete; the replacement rate of 10% produced the highest compressive strength. With replacement of GPOFA at 30% by weight of binder, concrete exhibited compressive strength lower than the control concrete at all testing ages. For example, the compressive strength of GPOFA-0.50-30 concrete at 90 days was 46.2 MPa or about 94% of CT0.50 concrete. This is due in part to the low Type I Portland cement content ͑70%͒ in 30% GPOFA replacement, which induces lower Ca͑OH͒ 2 from hydration reactions than 10 and 20% GPOFA replacements.
The relationship between compressive strength of GPOFA concretes at a W/B ratio of 0.55 and GPOFA replacement level is shown in Fig. 6 . At three and seven days, GPOFA-0.55-10, GPOFA-0.55-20, and GPOFA-0.55-30 concretes had compressive strengths lower than CT0.55 concrete. At later ages, GPOFA-0.55-10 and GPOFA-0.55-20 had compressive strengths higher than CT0.55 concrete. For example, the compressive strengths of GPOFA-0.55-10 and GPOFA-0.55-20 concretes at 28 days were 37.6 and 36.9 MPa or about 103 and 101% of CT0.55 concrete ͑36.5 MPa͒, respectively. At 30% GPOFA cement replacement with a W/B ratio of 0.55, the concrete exhibited lower compressive strength than that of CT0.55 concrete at all ages. Fig. 7 shows the strength development and effect of GPOFA replacement on compressive strength of concretes with a W/B ratio of 0.60. The results tended to be in the same direction as concretes with W/B ratios of 0.50 and 0.55. The compressive strength testing results of GPOFA concretes at W/B ratios of 0.50, 0.55, and 0.60 indicate that GPOFA with high fineness is a reactive pozzolanic material that can be used in making concrete with compressive strength on the order of 87-105% of the control concrete. A replacement rate of 10% resulted in the optimum compressive strength and yielded higher strength than all CT concretes after 14 days of curing.
Heat Evolution
The results of each concrete mix proportion of heat evolution in terms of temperature rise of fresh concrete are shown in Table 4 . Control concrete ͑CT0.50͒ was observed to reach a peak temperature rise of 30.3°C about 12 h after casting. Concrete containing a high fineness of POFA 10% ͑GPOFA-0.50-10͒ had a peak temperature rise of 30.0°C at 14 h after casting. This temperature increase was close to that of CT0.50 concrete ͑as seen in Fig. 8͒ and was due to the high Portland cement content of GPOFA-0.50-10 concrete ͑90%͒. The peak temperature rises of GPOFA-0.50-20 and GPOFA-0.50-30 concretes were 27.3 and 24.3°C, respectively, lower than those of CT0.50 and GPOFA-0.50-10 concretes. concretes showed reductions in temperatures of 3.0 and 6.0°C, or about 90.1 and 80.2% of CT0.50 concrete, respectively. The reduced temperature rise of fresh concretes containing 20 and 30% GPOFA is due to the high replacement of cement by GPOFA, which reduces the amount of cement in concrete, causing a reduction of heat due to the hydration process ͑Rojas et al. 1993͒. In addition, the decrease of cement in concrete resulted in a prolonging of the time to peak temperature. The peak temperature rises for GPOFA-0.50-20 and GPOFA-0.50-30 concretes occurred about 15 and 16 h after casting, respectively. In the above results, the temperature rise of fresh concrete was found to decrease as GPOFA content increased; the use of 30% GPOFA as a cement replacement yielded the lowest peak temperature rise. Table 5 shows the compressive strength, normalized compressive strength, and peak temperature rise of GPOFA concretes with a W/B ratio of 0.50. At three days, control concrete was found to have the highest compressive strength. However, at 90 days, GPOFA-0.50-10 concrete exhibited the highest normalized compressive strength at 102% of CT0.50 concrete and the peak temperature rise of fresh concrete was 30.0°C. High rate cement replacement by GPOFA in concrete decreased compressive strength at early ages. However, long-term strength tended to increase with curing age. For example, the normalized compressive strength of GPOFA-0.50-30 concrete at three days was 86%; this increased to 94% at 90 days. In addition, increase in replacement of GPOFA in concrete mixture can reduce the temperature rise of fresh concrete. For this study, the lowest peak temperature rise, 24.3°C, was observed in GPOFA-0.50-30 concrete.
Conclusions
The following conclusions can be drawn from the use of 10-30% of GPOFA with high fineness in concrete: 1. The strength development of GPOFA concretes with W/B ratios of 0.50, 0.55, and 0.60 tended to be in the same direction. At early ages, concretes containing GPOFA as a cement replacement of 10, 20, and 30% had lower strength development than control concretes while at later age ͑Ͼ28 days͒, the replacement at rates of 10 and 20% yielded higher strength development. 2. GPOFA with high fineness can be used as a pozzolanic material in concrete. A replacement of GPOFA at rate of 10% resulted in the optimum compressive strength and yielded higher strength than control concrete after 14 days of curing. 3. The temperature rise of fresh concrete decreased as GPOFA content increased. For concrete with a W/B ratio of 0.50, the use of 30% GPOFA as a cement replacement had the lowest peak temperature rise. However, the decrease in compressive strength at early age due to high replacement GPOFA ͑30%͒ should be considered. 
